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Recently, we discovered a novel phenomenon, ‘‘cell-to-cell transformation’’ by which non-conjuga-
tive plasmids are transmitted horizontally in co-cultures of Escherichia coli F strains. In this study,
we aimed to identify the DNA element responsible for the high cell-to-cell transformability of
pHSG299. By transplanting pHSG299 DNA fragments into pHSG399, a plasmid showing low trans-
formability, we discovered that a speciﬁc 88 bp fragment of pHSG299 signiﬁcantly promoted
pHSG399 transformability. Although several short motif-like repetitive sequences (6–10 bp) were
present in the 88 bp sequence, no known DNA motifs were recognized, suggesting that this 88 bp
sequence (cell-to-cell transformation promoting sequence, CTPS; Accession number: AB634455) is
a novel DNA element.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction In recent studies, we found that horizontal transfer of non-Bacterial cells acquire new genetic traits by horizontal DNA
transfer to adapt themselves to their environment and improve
their chances of survival [1–3]. Genetic transformation is one of
the mechanisms by which cells take up extracellular naked DNA
released from other cells [4,5].
In most known systems, DNA uptake by transformation is not
sequence-speciﬁc [4,5]. However, in some Gram-negative bacteria
such as Neisseria species and Haemophilus inﬂuenzae efﬁcient up-
take occurs only when a speciﬁc short sequence is present [5–8].
The sequence motifs that are required for efﬁcient uptake, i.e.,
DNA uptake sequence (DUS) and uptake signal sequence (USS),
have been identiﬁed for Neisseria sp. (50-(AT)GCCGTCTGAA-30)
and H. inﬂuenzae (50-AAGTGCGGT-30) [5–8].
In Escherichia coli, artiﬁcial transformation by the calcium
chloride (CaCl2) [9,10] or other methods [11,12] is well known
as a common laboratory technique, but natural transformation
is poorly understood. Several reports [13–18] including ours
[19–21] demonstrated that E. coli can develop modest genetic
competence for transformation under conditions occurring in
usual natural and human environments.chemical Societies. Published by E
moting sequence
a).conjugative plasmids occurs spontaneously in F E. coli cell-mixed
cultures [22,23]. Subsequently, we demonstrated that this plasmid
transfer occurs because of a speciﬁc type of natural transformation
in which DNA derived from co-cultured cells is essential [24]. This
transformation was DNase-sensitive and clearly distinguishable
from conjugation by a ﬁlter-mediated plasmid transfer experiment
[24]. Accordingly, we termed this new type of transformation as
‘‘cell-to-cell transformation’’ [24]. Because promoting conditions
for cell-to-cell transformation did not promote simple natural and
artiﬁcial transformations with puriﬁed plasmid DNA, it was sug-
gested that the mechanism of cell-to-cell transformation differs
from those of the known types of transformation in E. coli [24].
In this study, to further elucidate the mechanism of the cell-
to-cell transformation in E. coli, we investigated the features of the
speciﬁc plasmid pHSG299 [25], which shows a high level of trans-
formability. We present data obtained from transplantation and
deletion analyses of the plasmid sequence, demonstrating the
presence of a novel functional DNA sequence that can speciﬁcally
promote cell-to-cell transformation in E. coli.
2. Materials and methods
2.1. E. coli strains, plasmids, and materials
The following E. coli strains and plasmidswere obtained from the
‘‘National BioResource Project (NIG, Japan): E. coli (http://www.lsevier B.V. All rights reserved.
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endA1, hsdR17(rK, mK+), supE44, k, thi-1, gyrA96, relA1);
CAG18439 [26] (MG1655 derivative; F, k, lacZ118(Oc), la-
cI3042::Tn10(tetr ), rph-1); pHSG299 [25] (kanr, a pMB1-derived
high-copy cloning vector that lacks the tra, mob, and nic-bom re-
gions; GenBank ID: M19415); pHSG399 [25] (camr, a pMB1-derived
high-copy cloning vector similar to pHSG299; GenBank ID:
M19087); and pUC19 (lacking the tra, mob, and nic-bom regions)
[12]. PCR enzymeKOD FXwas obtained fromToyobo (Osaka, Japan).
Ampicillin (amp), tetracycline (tet), chloramphenicol (cam), poly-
ethylene glycol (PEG; molecular mass = 8000) and Luria–Bertani
powder (LB; Lennox) were obtained from Sigma (St. Louis, MO,
USA). Tryptic Soy Broth was obtained from Becton, Dickinson
(Franklin Lakes, NJ, USA). Distilled water (DNase- and RNase-free;
molecularbiologygrade) andkanamycin (kan)werepurchased from
Invitrogen (Carlsbad, CA, USA), and a nylon66membrane ﬁlter (pore
size: 0.45 lm; Biodyne A)was obtained from Pall (PortWashington,
NY, USA). Agar powder (guaranteed-reagent grade) and other gen-
eral reagents were purchased fromWako (Osaka, Japan).
2.2. Plasmid construction
Plasmids were constructed as follows: the PCR enzyme KOD
FX was used for plasmid-constructing PCR according to the reac-
tion conditions recommended by the manufacturer. The primers
used are shown in Supplementary Tables S1–S3. Modiﬁed or in-
serted sequences in the constructed plasmids were conﬁrmed
by DNA sequencing.
pHSG399-F1–F6: By comparing complete sequences of pHSG299
and pHSG399, pHSG299-speciﬁc sequences were identiﬁed and
divided into six fragments of approximately 180–370 bp length.
These fragments were named F1–F6 and ampliﬁed by PCR using
corresponding primers (Supplementary Table S1) in which a BamHI
or EcoRI site was added to the 50 ends. PCR reactions were con-
ducted by initial denaturation at 94 C for 4 min, 25 cycles of
30 s at 98 C, 40 s at 65 C (0.1 C per cycle), 50 s at 72 C, and ﬁ-
nal extension at 72 C for 5 min. The resulting PCR products were
cut using BamHI and EcoRI and cloned into the BamHI–EcoRI site
in the multicloning site of pHSG399.
pHSG299DF6: A 2482 bp fragment of pHSG299, from which the
F6 fragment was removed, was constructed by PCR using two
primers (Supplementary Table S1) immediately adjacent to the
F6 sequence. BglII sites were added to the 50 ends of these primers.
The PCR reaction was conducted by initial denaturation at 94 C for
4 min, 40 cycles of 30 s at 98 C, 40 s at 40 C (0.1 C per cycle),
180 s at 70 C, and ﬁnal extension at 72 C for 5 min. The resulting
PCR product was cut using BglII and self-ligated, producing
pHSG299DF6.
pUC19-tet-F6: The EcoRI–MroI short fragment containing the tetr
gene of pBR322 was cloned into the EcoRI–Cfr9I site of pUC19, pro-
ducing pUC19-tet. The F6 sequence of pHSG299 was ampliﬁed by
PCR using primers (Supplementary Table S1) containing PstI and
XbaI sites at their 50 ends. The PCR reaction was conducted by ini-
tial denaturation at 94 C for 4 min, 26 cycles of 30 s at 98 C, 40 s
at 65 C (0.1 C per cycle), 180 s at 72 C, and ﬁnal extension at
72 C for 5 min. The PCR product was cut using PstI and XbaI and
cloned into the PstI–XbaI site in the multicloning site of pUC19-
tet, producing pUC19-tet-F6.
pHSG399-F6 deletion and base substitution mutants: A series of
deletion and base substitution mutants of the F6 sequence of
pHSG399 were constructed by PCR using pHSG399-F6, its deriva-
tives, and pHSG399 as the template and corresponding primers
(Supplementary Table S2) containing additive KpnI or BglII sites
at their 50 ends. The PCR reaction was conducted by initial denatur-
ation at 94 C for 4 min, 40 cycles of 30 s at 98 C, 40 s at 40–51 C
(0.1 C per cycle), 150 s at 68 C, and ﬁnal extension at 68 C for5 min. Annealing temperatures were altered between 40–51 C
(initial temperature) according to the primer set. The PCR product
was cut using KpnI or BglII and self-ligated, producing the required
deletion plasmids.
pHSG399-Tsen’s sequences: pHSG399 derivatives with Tsen’s
sequences [16] were constructed by PCR using pHSG399 as the
template and corresponding primers (Supplementary Table S3)
containing Tsen’s sequences and additive KpnI sites at their 50 ends.
The PCR reaction was conducted by initial denaturation at 94 C for
4 min, 40 cycles of 30 s at 98 C, 40 s at 50 C (0.1 C per cycle),
150 s at 68 C, and ﬁnal extension at 68 C for 5 min. The PCR prod-
uct was cut using KpnI and self-ligated, producing the required
plasmids.
2.3. Cell-to-cell transformation experiments
Cell-to-cell transformation experiments were performed in a
colony-bioﬁlm system using DH5 as plasmid donor cells and
CAG18439 as plasmid recipient cells, as described previously [22–
24]. The occurrence of cell-to-cell transformation was detected by
the appearance of double-resistant transformants [tetr
(CAG18439) and kanr (pHSG299 and its derivative) or camr
(pHSG399 and its derivatives)]. The transformation frequency was
calculated as the ratio of the number of transformants to the esti-
mated number of recipient cells, whichwas taken as half of the total
number of cells in each sample. The total number of cells in each
sample was deduced from the OD600 value of the cell suspension
immediately before plating.
In the cell-to-cell transformation experiments, to exclude a pos-
sibility of the occurrence of unexpected conjugation by accidentally
contaminated conjugative plasmids, we adopted only speciﬁc
non-conjugative plasmids (pHSG299, pHSG399, and pUC19) that
do not possess the tra, mob, and nic-bom regions in combination
with F strains. Particularly, lacking of the nic-bom sequence com-
pletely abolishes passive conjugation of non-conjugative plasmids
directed by conjugative plasmids coexisting in the same cell [12].
In addition, in order to conﬁrm the absence of unexpected contam-
ination of F plasmid in the strains used, we analyzed the strains by
PCR using primers for traI and traD speciﬁc to F plasmid, and
obtained a result that show absence of F plasmid (data not shown).
2.4. Natural transformation experiment
Natural transformation experiments were performed in a col-
ony bioﬁlm as follows: CAG18439 cells were precultured, cultured,
and plated following the protocol used for cell-to-cell transforma-
tion experiments, except that plasmid DNA (10 lg), which was
puriﬁed by an alkali method and phenol–chloroform extraction,
was added along with CAG18439 at the beginning of culture. The
transformation frequency was calculated as the ratio of the num-
ber of transformants to the number of recipient cells.
2.5. Artiﬁcial transformation experiments
The CaCl2 [9,10] and PEG methods [11] were performed as
described previously [24]. The transformation frequency was
calculated as the ratio of the number of transformants to the
number of recipient cells.
3. Results
3.1. pHSG299 shows much higher activity than pHSG399 in cell-to-cell
transformation
The activity of pHSG299 in cell-to-cell transformation was com-
pared with that of pHSG399 [25]; both plasmids are similar and
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Fig. 1. Frequency of cell-to-cell transformation using pHSG299, pHSG399, and their
insertion and deletion derivatives (A) and using pUC19 derivatives (B). Data are
mean and S.D. (⁄t-test, P < 0.05, n = 4, compared with pHSG299; t-test, P < 0.05,
n = 4, compared with pHSG399).
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As shown in Fig. 1A, despite using the same donor and recipient
cells, pHSG299 was transferred approximately 104 times more fre-
quently than pHSG399. This result suggested that pHSG299 may
contain a speciﬁc DNA sequence that promotes cell-to-cell trans-
formation. Therefore we tested this possibility in the following
experiments.
3.2. Activities of pHSG399 derivatives containing pHSG299 fragments
By comparing the DNA sequence of pHSG299 with that of
pHSG399, sequences unique to pHSG299 that contained a kanr gene
were identiﬁed. To demonstrate the existence of the promoting se-
quence in pHSG299, six pHSG399 derivatives (pHSG399-F1–F6)
were constructed by inserting six pHSG299-speciﬁc sequences
(F1–F6; approximately 180–370 bp each; Supplementary Table
S1) into the multicloning site of pHSG399. Five F1–F5 sequences
corresponded to the kanr gene and its ﬂanking regions (correspond-
ing to nucleotide positions 2658–1230 in pHSG299). The F6
sequence (no. 1660–1858 in pHSG299) was located in the region
between the lacZa gene and the pMB1 ori, where no functional
genes and elements have been identiﬁed. Fig. 1A shows the activi-
ties of those pHSG399 derivatives in cell-to-cell transformation.
Among them, only pHSG399-F6 clearly showed high activity, indi-
cating that the F6 fragment of pHSG299 contains the promoting
sequence.
3.3. Effect of the removal of the F6 sequence from pHSG299 and that of
the introduction of the F6 sequence into pUC19
To conﬁrm the above hypothesis, two experiments were per-
formed. One was the removal of the F6 sequence from pHSG299
(Fig. 1A; pHSG299DF6). This removal abolished the high trans-
formability of pHSG299. The other was the introduction of the F6
sequence into another plasmid, pUC19-tet (Fig. 1B; pUC19-tet-
F6). This introduction caused an increase of about 102-fold in the
frequency of cell-to-cell transformation. These results conﬁrmed
the hypothesis that the F6 sequence of pHSG299 contains the
sequence promoting cell-to-cell transformation.
3.4. Activity of the F6 sequence in other types of transformation
The activity of the F6 sequence in other types of transformation
in E. coli was examined (Fig. 2). Previously, we [20] and others
[16,18] demonstrated that E. coli developedmodest natural compe-
tence in a colony bioﬁlm. Therefore, we examined the effect of the
F6 sequence on natural transformation with puriﬁed plasmids in a
colony bioﬁlm (Fig. 2A). However, neither pHSG299 nor pHSG399-
F6 showed high activity compared with pHSG399. Fig. 2B and CTr
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3.5. Dissection of F6 sequence
To further dissect the 199 bp of the F6 sequence, stepwise dele-
tion analyses were performed (Fig. 3; Supplementary Table S2).
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cell transformation promoting sequence’’ (CTPS; Accession num-
ber: AB634455).
During the sequencing analysis of F6 mutants, we found that the
base T in CTPS (positionno. 61 in CTPS [or no. 1808 in pHSG299]) dif-
fered from the base C in the pHSG299 sequence published in Gen-
Bank. This base inconsistency was conﬁrmed by the information
obtained from a commercial supplier of pHSG299 (http://cata-
log.takara-bio.co.jp/en/PDFFiles/3299_DS_e.pdf). Therefore, we
considered that this base T commonly existed in the distributed
pHSG299 plasmid. Because we designed PCR primers for the con-
struction of F6 deletionmutants based on the sequence data in Gen-
Bank, several F6 mutants had the base C while the others had the
base T in this position (derivatives possessing T are marked with
an asterisk (⁄) and those possessing C with a dagger () in Fig. 3).
However, by comparison of mutants (Fig. 3A; F6 (121–199) vs. F6
(144–199)), we estimated that the T/C difference had little effect
on activity.
Further analysis of the results of deletion mutants (Fig. 3B)
revealed that the CTPS comprises two active elements (33 bp-Land 33 bp-R), each of which consists of a 33 bp sequence and can
function independently with partial (approximately 1/3rd) activity
(F6 (89–121) and F6 (144–176)).
3.6. Analysis of two 33 bp sequences in F6 sequence
By analysis of the two 33 bp sequences, we identiﬁed two
candidates for the sequence motif (Figs. 3C and 4A). One was a
(50-AAAACGCTG-30) motif (gray arrows in Fig. 3C and dashed
arrows (– –>) in Fig. 4A), and the other is a less speciﬁc
(50-A/T3–5G/C3–5-30) motif (white boxes in Fig. 3C and dashed ar-
rows ( ) in Fig. 4A). These motifs overlapped in 33 bp-R, but
not in 33 bp-L. Two possible sequences of the former motif in the
middle of 33 bp-R overlapped with each other (Figs. 3C and 4A).
To further dissect one of the 33 bp sequences (33 bp-R) and
ascertain the importanceof the (50-AAAACGCTG-30)motif (including
the (50-A/T3–5G/C3–5-30) motif), deletion and base substitution mu-
tants, which lacked one motif or the two overlapping motifs in
33 bp-R, were constructed [Fig. 3C; F6 (144–168) and F6 (144–
156, 167–176)].We observed that bothmutants almost lost activity.
This result suggested that the 33 bp sequence may be a minimum
functional unit as a promoting sequence, and sequences containing
the (50-AAAACGCTG-30) motif may be important for the promoting
function. To reconﬁrm the inﬂuence of the aforementioned T/C var-
iation (position no. 61 in the CTPS), we constructed T and C variants
of 33 bp-R [pHSG399-F6 (144–176, 149T) and pHSG399-F6
(144–176, 149C) in Supplementary Table S2], maintaining the
remaining sequences identical with each other. However, no clear
difference in CTPS activity was observed between them (data not
shown). This result suggests that this variation is not critical for CTPS
activity.
We searched the GenBank and BLAST databases for this
(50-AAAACGCTG-30) motif, but did not ﬁnd an identical motif. In-
stead, among the reports on E. coli transformation, we found that
an 18 bp sequence (50-CTAGCGCGTTTAAATAGC-30) reported by
Tsen et al. [16] contained a 9 bp sequence (50-AAACGCGCT-30;
complementary to the sequence underlined above) identical to a
part of 33 bp-R (Fig. 4). Since Tsen et al. suggested that this
18 bp sequence could facilitate natural transformation in E. coli,
the ability of this sequence to promote cell-to-cell transformation
was examined (plasmids in Supplementary Table S3). However,
this sequence showed no promoting activity in either orientation
(data not shown). Furthermore, ﬁve other sequences of Tsen (50-
GAAGGAAGATCTTCACCGT-30, 50-GGTCGCAAGAGTCTTTGTAC-30,
50-CTCCGAGAGATAGAAGCA-30, 50-TTTCCACCCTAGACTCGTAC-30
and 50-TTTCCCACCCTAGACTCGTA-30) [16] showed no promoting
activity (Supplementary Table S3; data not shown). Therefore,
these results suggested that the sequences reported by Tsen et
al. do not possess CTPS activity.
4. Discussion
This present study is the ﬁrst to identify that the speciﬁc 88 bp
DNA sequence CTPS, derived from a general cloning vector,
pHSG299, can function as a DNA element promoting cell-to-cell
transformation in E. coli. Although full activity was exhibited by
the 88 bp sequence, partial activity was exhibited by two individ-
ual 33 bp sequences in the 88 bp sequence (Figs. 1 and 3). All the
results shown here were obtained in a colony bioﬁlm setting; how-
ever, a similar promoting effect of CTPS was observed in a liquid
culture setting (data not shown), consistent with a previous study
[24].
In the pHSG299 sequence, CTPS is located between the lacZa
gene and the pMB1 ori, where no functional genes and elements
have been identiﬁed. A sequence identical to CTPS is often found
in the BLAST database among the general cloning vector sequences,
AB
Fig. 4. Primary structures of F6, cell-to-cell transformation promoting sequence (CTPS), 33 bp-L and 33 bp-R. (A) Sequences of F6 and CTPS. Notes for CTPS, 33 bp-L, 33 bp-R,
putative sequence motifs (arrows), and the bases to note are also shown. (B) Comparison of ﬁve possible 50-AAAACGCTG-30 motifs. Two sequences with asterisks (⁄) overlap
with each other. Consensus bases are shown by gray background.
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abases. By tracing back the construction process of pHSG299
[25,27,28], however, we estimated that CTPS originated from R6-
5, a conjugative R plasmid. It is supposed that CTPS was transferred
to pHSG299 and other cloning vectors as the part of a restriction-
enzyme fragment of R6-5. Although several functional genes and
elements (including those related to conjugation) in R6-5 were
identiﬁed and sequenced [29–31], the entire nucleotide sequence
of R6-5 has not been determined until date. However, CTPS is not
included among the identiﬁed genes and sequences in R6-5 and
our previous data [24] indicates that cell-to-cell transformation is
clearly distinguishable from conjugative DNA transfer; these facts
suggest that CTPS is not involved in the known R6-5 functions
including conjugation. CTPS and similar DNA elements may
contribute to the horizontal transfer of R and other plasmids by
cell-to-cell transformation in the environment.
In E. coli, no speciﬁc DNA sequence promoting artiﬁcial trans-
formation has been reported. For natural transformation, a report
by Tsen et al. [16] described that several short (approximately
20 bp) sequences showed promoting activity. However, in the
present study, we ascertained that none of the sequences of Tsen
et al. that we tested showed CTPS activity. Therefore, we hypoth-
esize that cell-to-cell transformation occurs through a unique
transformation mechanism that differs from the known types
of transformation, as suggested previously [24]. The results of
artiﬁcial and natural transformation experiments using CTPS(Fig. 2) conﬁrmed this hypothesis. Therefore, CTPS appears to
be a novel functional sequence involved exclusively in cell-to-
cell transformation.
In some other Gram-negative bacteria, several speciﬁc short
sequences (approximately 9–12 bp) promoting natural transfor-
mation were reported, such as DUS in Neisseria sp. (50-(AT)
GCCGTCTGAA-30) and USS in H. inﬂuenzae (50-AAGTGCGGT-30)
[5–8]. The pilus or a related structure on the cell surface may rec-
ognize and bind to DUS or USS [5]. This process is postulated to
assist the transport of DNA across the outer membrane. No se-
quences identical to or highly homologous to DUS or USS were
found in CTPS. Therefore, it is unclear whether CTPS has a func-
tion similar to DUS or USS. However, minimum sequences dis-
playing CTPS activity are short (33 bp) and contain motif-like
repetitive sequences (50-AAAACGCTG-30 or 50-A/T3–5G/C3–5-30);
this leads us to hypothesize that certain sequence-speciﬁc DNA-
binding protein(s) target and bind to these sequences, thereby
facilitating cell-to-cell transformation in a process similar to that
involving DUS or USS. However, no known protein-binding motifs
are found in these 33 bp sequences or in the complete 88 bp
CTPS. Thus, an unidentiﬁed protein may recognize and bind to
CTPS. In addition, we hypothesize, on the basis of the repetitive
alignment of the motifs in CTPS (Fig. 4A) and the signiﬁcant loss
of activity resulting from deletion or base substitution of one of
the motifs (or two overlapping motifs) (Fig. 3C), that multiple
arrangement of the motifs in close proximity may be essential
2228 R. Sobue et al. / FEBS Letters 585 (2011) 2223–2228for these elements to work. Further analyses will be required to
reveal whether a DNA-binding protein for CTPS exists and which
mechanism involving CTPS promotes cell-to-cell transformation
in E. coli.
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